Vesiculoviruses enter cells by membrane fusion, driven by a large, low-pH-induced, conformational change in the fusion glycoprotein (G) that involves transition from a trimeric pre-fusion to a trimeric post-fusion state. G is the model of class III fusion glycoproteins which also includes the fusion glycoproteins of herpesviruses (gB) and baculoviruses (gp64). Class III fusion proteins combine features of the previously characterized class I and class II fusion proteins. In this review, we first present and discuss the data that indicate that the Vesiculovirus G structural transition proceeds through monomeric intermediates. Then, we focus on a recently determined crystal structure of the Chandipura virus G ectodomain that contained two monomeric intermediate conformations of the glycoprotein, revealing the chronological order of the structural changes in the protein and offering a detailed pathway for the conformational change, in agreement with electron microscopy data. In the crystal, the intermediates were associated through their fusion domain in an antiparallel manner to form an intermolecular β-sheet. Mutagenesis indicated that this interface is functionally relevant. All those structural data challenge the current model proposed for viral membrane fusion. Therefore, we wonder if this mode of operating is specific to Vesiculovirus G and discuss data indicating that class II fusion glycoproteins are monomeric when they interact with the target membrane but also crystal structures suggesting the existence of non-trimeric intermediates for influenza hemagglutinin which is the prototype of class I fusion proteins.
Introduction
The Vesiculovirus genus is one of the six genera of the rhabdovirus family. The prototype vesiculovirus is vesicular stomatitis virus (VSV). It is an arbovirus that can infect insects, cattle, horses and pigs. In mammals, its ability to preferentially infect and kill tumor cells makes it a promising oncolytic virus for the treatment of cancer [1] [2] [3] . Although VSV-associated disease is generally benign, other vesiculoviruses can be deadly to humans. This is the case for the Chandipura virus (CHAV), which is an emerging human pathogen associated with deadly encephalitis, principally affecting children in the tropical areas of India and which has, in recent years, caused several outbreaks with high mortality rates [4] .
As all rhabdoviruses, vesiculoviruses are enveloped viruses having a rigid bullet shape with a flat base and a round tip. Their genome encodes five structural proteins including a single transmembrane glycoprotein (G). G is a type I membrane glycoprotein. After cleavage of the amino-terminal signal peptide, the mature glycoprotein is about 500 amino acids long (495 for VSV G). The bulk of the mass of G is located outside the viral membrane and constitutes the aminoterminal ectodomain. G is anchored in the membrane by a single α-helical transmembrane segment. The small intraviral domain is probably involved in interactions with internal proteins. G plays a critical role during the initial steps of virus infection [5] . First, it is responsible for virus attachment to specific receptors, which, in the case of VSV G, are the members of the low-density lipoprotein receptor family [6, 7] . After binding, virions enter the cell by a clathrin-mediated endocytic pathway [8, 9] . In the acidic environment of the endocytic vesicle, G triggers the fusion between the viral and endosomal membranes, which releases the genome in the cytosol for the subsequent steps of infection [5] . Fusion is catalyzed by a low-pHinduced large structural transition from a pre-to a post-fusion conformation which are both trimeric [10] . Remarkably, for rhabdoviruses, the structural transition is reversible [11] [12] [13] [14] , and in fact, there is an equilibrium between different states of G, which is shifted toward the trimeric post-fusion conformation at low pH [5, 15] .
VSV G structure reveals an organization distinct from both class I fusion glycoproteins, such as the influenza virus hemagglutinin (HA) and the paramyxovirus fusion protein (F), and class II fusion glycoproteins of several positive strand RNA viruses, such as the E protein of flaviviruses and E1 of alphaviruses, and of the bunyaviridae family [16] . In fact, together with baculovirus gp64 [17] , herpesviruses gB [18] [19] [20] [21] and thogotovirus Gp [22] , rhabdovirus G defines the class III of fusion proteins [23] . VSV G is the only member of this class for which high-resolution structures of both the pre-and postfusion states are available [24, 25] . Low-resolution electron microscopy (EM) structures of the putative pre-fusion state of HSV1 gB have been obtained [26, 27] , but those structures have led to opposite interpretations concerning the orientation of the fusion domains (FDs) either pointing away or toward the anchoring membrane. Nevertheless, the localization of monoclonal antibodies binding sites [26] and spectroscopic characterization of functional fluorescent gB [28] are consistent with a model of pre-fusion gB similar to the pre-fusion VSV G crystal structure [25] (i.e., with the fusion loops pointing toward the anchoring membrane).
Similar to other class III proteins, the polypeptide chain of the G ectodomain folds into three distinct domains termed the FD, the pleckstrin homology domain (PHD) and the trimerization domain (TrD) [23] (Fig. 1 ). The FD is an extended β-sheet structure at the tip of which are located the two hydrophobic fusion loops that interact with the target membrane to initiate the fusion process. This organization of the class III FD is reminiscent of that of class II fusion proteins. The TrD comprises an α-helix involved in the trimerization of the glycoprotein and a β-sheetrich region connected to the C-terminal segment of the ectodomain.
During the structural transition, the FD, the PHD and the TrD retain their tertiary structure. Nevertheless, they undergo large rearrangements in their relative orientation due to secondary changes in hinge segments (R1 to R5) which refold during the low-pH induced conformational change. Particularly, in the post-fusion state, the core of the trimer is made by the three TrD central helices (extended by the refolding of segment R4) whose grooves accommodate three lateral helices resulting in the refolding of R5 (Fig. 1 ). This six-helix bundle organization is very similar to that of the trimeric core of the post-fusion state of some class I fusion glycoproteins such as HIV-1 gp41 or Ebola gp2 [29, 30] .
In this review, we will present the recent crystalline structures of monomeric intermediates [31] obtained for CHAV G ectodomain and how they fit with numerous historical articles showing the existence of G monomers. We will also discuss the ability of G monomers to form flat antiparallel dimers and the experimental data indicating that those dimers play a role during the fusion process [31] . Finally, we will discuss if this mode of operating is specific to Vesiculovirus glycoproteins. Particularly, we will review EM data indicating that the initial interaction between class II fusion glycoproteins and the target membrane is mediated by monomers and examine some non-trimeric structures of influenza hemagglutinin present in the Protein Data Bank (PDB) but whose oligomerization state and protomer conformation have never been discussed thoroughly before.
Monomeric states of VSV G
The first attempt to characterize the oligomeric status of VSV G revealed that a soluble ectodomain obtained by treatment of virions with cathepsin D is monomeric at high pH [32] . Later, it was shown that G solubilized from membranes with detergent behaves as a monomer at high pH whereas it forms a stable trimer at low pH [11] . In addition, the existence of a thermodynamic equilibrium between monomers and trimers of VSV G solubilized by octylglucoside was demonstrated [33] . This equilibrium was also demonstrated to exist in vivo [34, 35] . From those pioneering works, it was clear that VSV G trimer was much less stable than HA trimer, which was the best characterized viral fusion glycoprotein at that time [36] .
The behavior of VSV G th (residues 1-422, generated by thermolysin-limited proteolysis of viral particles in solution, which has been crystallized) was further characterized using several biophysical techniques, including analytical ultracentrifugation, circular dichroism, EM and small angle X-ray scattering. While the post-fusion trimer was the major species detected at low pH, the pre-fusion trimer was never detected in solution. Indeed, at high pH, G th appeared to be a flexible monomer exploring a large conformational space and adopting more elongated conformations when pH decreases [37] .
The oligomeric status of VSV G has also been analyzed at the surface of the viral particle by EM and tomography. Below pH 6, the only structure which is observed is the trimeric post-fusion state which has a tendency to reorganize into regular arrays [38] . Above pH 7, although few pre-fusion trimers are observed [38] , the vast majority seems to be flexible monomers [37] . At intermediate pH (pH 6.7), the shape of the spikes was not homogeneous and several forms of G could be observed [37] . In some regions, G seemed to have kept its high pH organization. Some spikes also had the typical post-fusion shape. Some elongated monomeric rod-like shape structures could be distinguished. The sequential appearance of the different species when lowering the pH suggested that the monomers were intermediates during the conformational change [37] . Indeed, independent refolding of monomers before re-association to form the post-fusion trimer overcomes some topological problems encountered if G remains trimeric all along the structural transition [39] . Overall structures of VSV G th pre-fusion protomer, CHAV G th EI (PDB code: 5MDM), CHAV G th LI (PDB code: 5MDM) and CHAV G th post-fusion protomer (PDB code: 4D6W). The major difference between the pre-fusion protomer and the EI is the movement of R5 (arrowhead 1). Then, the refolding of the hinge regions R2 and R3 between PHD and FD (arrowhead 2) together with the partial elongation of the central helix implying R4 allows for the transition to the LI state. At this stage, G is already in a hairpin conformation. The formation of the last amino-terminal turn of the central helix (arrowhead 3) and the refolding of R5 into the lateral helix (arrowhead 4) concomitantly with the final trimerization form the six-helix bundle organization and achieve the structural transition. All the structures are aligned on their TrD. The histidines of the cluster H60, H162 and H407 in the pre-fusion protomer are depicted in green sticks. A close-up view of the cluster is also represented. Color code: TrD is in red, PHD is in orange, FD is in yellow, segments R1 and R4 (indicated by thin gray arrows) are in blue, segments R2 and R3 are in green, and segment R5 and C-terminal segment (cter) are in pink. The residues in the fusion loops at the tip of the FD are in red sticks. The C-terminal segments which are linked to the transmembrane domain are depicted in dashed lines. The position of the membrane relative to the protein is indicated by a black line.
Structure of monomeric intermediates
For rhabdoviral glycoproteins, the existence of an equilibrium between their different conformations suggested that it could be possible to find appropriate conditions to trap intermediates and eventually crystallize them.
We were able to obtain several crystalline forms of CHAV G th . The first one corresponded to the postfusion conformation [14] . The comparison of this structure with that of VSV-G th post-fusion conformation revealed that the PHD is the most divergent domain, with the largest differences confined to the secondary structure of the major antigenic site of rhabdoviruses glycoproteins. Local differences also indicated that CHAV has evolved alternative structural solutions in hinge regions between PHD and FD as well as distinct pH-sensitive switches [14] .
More interestingly, the asymmetric unit of the second crystalline form contains four CHAV G th molecules exhibiting two conformations distinct from those of VSV G th pre-fusion and CHAV/VSV G th postfusion conformations [31] (Figs. 1b and 2). Those crystals were grown at pH 7.5, a pH at which VSV G th was shown to assume a range of intermediate monomeric conformations in solution [37] .
The first protomer conformation found in the crystal asymmetric unit corresponded to an early intermediate (CHAV G th EI) on the transition pathway ( Fig. 1b ). This protomer looks like the protomer of VSV G prefusion state with a single, functionally major difference: the R5 segment has already left the hydrophobic groove it occupies in VSV G pre-fusion conformation [25, 31] .
The second protomer conformation corresponded to a late intermediate (CHAV G th LI) on the transition pathway [24, 31] . It is already in an elongated hairpin conformation. However, it is not superimposable with the protomer of CHAV G th post-fusion state (Fig. 1b ) due to incomplete refolding of R1, R4 and R5 [24, 31] .
Those two structures offer a plausible pathway for the conformational change ( Fig. 1b) with three major features. The first is that R5 can leave the TrD groove it occupies in the pre-fusion conformation before any other structural change. This movement is likely triggered by protonation of a cluster of histidines (H60, H162, and H407) ( Fig. 1b) , destabilizing the FD-R5 interaction in the pre-fusion state of the protomer [25] . The second feature is that the central helix elongates in two stages; in the LI, the helix is longer than in the pre-fusion protomer but shorter than in the post-fusion one. The third feature is that most of the structural transition occurs in a monomeric form and goes to an elongated hairpinlike conformation before trimerization. Therefore, in the case of rhabdovirus G, there is no need to postulate the existence of a trimeric pre-hairpin conformation resembling those proposed for class I and class II viral fusion glycoproteins.
An antiparallel interaction between FDs required for fusion
The orientational mobility of the CHAV G th EI conformation, conferred by the release of the R5 segment from the groove it occupies in the prefusion conformation, allows EI to orientate its fusion loops toward the target membrane.
However, in the crystal asymmetric unit, CHAV G th molecules assemble in a compact dimer of EI-LI heterodimers [31] ( Fig. 2a and b) . The tetramer thus formed is a flat structure, from which protrude the fusion loops of the two EI, with a thickness of about 50Å (Fig. 2b) . The EI/LI dimers are stabilized by extensive contacts between hydrophobic residues of the central helix (Fig. 2a) , and by positioning the R5 segment of one molecule in the hydrophobic groove of the TrD of the other. In turn, the EI/LI dimers assemble by associating their four FDs in an antiparallel arrangement ( Fig. 2a and c) in which the two EI fusion loops are projected outside the tetramer (Fig. 2b) . This arrangement is stabilized by the formation of an intermolecular β-sheet between two EI and LI FDs, involving residues 75 to 80 in the EI strand (located downstream of the first G fusion loop) and 120 to 125 in the LI strand (located downstream of the second fusion loop) ( Fig. 2c ).
In this region, two residues (D121, E123) were previously reported as sites of mutations affecting the fusion properties of both VSV [40, 41] and viral hemorrhagic septicemia virus (VHSV, a fish rhabdovirus) [42] , and a mutation in position 76 was shown to compensate for a deleterious mutation in the fusion loops [43] . The crystal structures of the preand post-fusion conformations did not provide a molecular explanation of those phenotypes (Fig. 2d) . However, the fact that in the intermolecular β-sheet found in the new crystal form, residues in positions 121 and 123 on the LI side are facing the conserved H80 on the EI side, provides an explanation (Fig. 2c ).
Indeed, it was shown further in VSV G that the H80A mutation, and the E123L and D121L double mutation, which both abolish VSV G fusion properties, were rescued by the same compensatory Q112P mutation. In a single FD, residue 112 is located on the opposite side of the three-stranded β-sheet and is far from residues 121 and 123 (Fig. 2d ). However, in the CHAV G th crystal structure, H80, E112, D121and E123 are clustered on the same side of the intermolecular β-sheet [31] (Fig. 2c ). This strongly suggests that the antiparallel association of the FDs observed in the crystal of CHAV G th is functionally relevant and crucial for fusion.
The antiparallel character of such an assembly implies that at this stage, the FDs are positioned parallel to the viral membrane (unlike their orthogonal orientation in pre-and post-fusion trimers).
Toward a model for vesiculovirus membrane fusion
Using an in vitro system to characterize fusion between VSV virions and liposomes, it has been demonstrated that the glycoproteins play two distinct roles (Fig. 3) . First, in the contact zone with the target membrane, they drive the formation of the initial fusion pore (Fig. 3b and c) . The flat base of the bullet-shaped virions is the favored site for this process [38] . We suggest that flat assemblies involving antiparallel interactions between the FD β-sheet, similar to those described in the previous paragraph, are involved at this stage. Such an assembly, by exposing the fusion loops, is ideally suited to constitute the first bridge between the target membrane and the flat base of the viral particle (Fig. 3b) . Several features should favor the formation of such intermediates specifically at the flat base of the virus, including the difference in membrane curvature (which is zero at the viral base), the lower density of viral glycoproteins [38] and maybe also distinct interactions with intraviral matrix proteins which may control G oligomeric status. Whether several such dimer-based assemblies cooperate to initiate the fusion process remains an open question. In addition, the fate of those oligomers at later stages of the fusion process is unknown.
The second stage is pore enlargement (Fig. 3d) , which is the most energetically expensive step [44] . It has been shown that the spikes located outside the contact zone play a decisive role in this ultimate step by forming a helical network of post-fusion trimers [38] . Here, the structural transition toward the postfusion trimer proceeds through monomeric EI and LI conformations (Fig. 3) .
It is worth noting that, using native mass spectrometry, dimeric assemblies of both VSV G and CHAV G have been detected at pH 7.5 [31] . At such a pH, postfusion trimers are not yet formed. Together with the progressive pH decrease after virion endocytosis, this might allow a for temporal regulation of the formation of the different oligomeric species.
Differences and similarities with other viral fusion glycoproteins
We are aware that our structural data challenge the current model proposed for both class I and class II fusion glycoproteins [16] , and sometimes for class III glycoproteins [26, 27] . The current model postulates the formation of the so-called trimeric elongated pre-hairpin conformation that bridges the viral and target membranes. For class I [45] [46] [47] [48] and class II [49] [50] [51] , several experimental data are consistent with this model. However, the pathway of the structural transition that we propose for vesiculovirus Fig. 3 . A model for VSV membrane fusion. (a) At pH 7.5 in the absence of a target membrane, at the viral surface, there is an equilibrium between G pre-fusion trimer and flexible monomers [37, 38] mostly in an EI-like conformation having different orientations, thanks to the flexibility of the R5 segment [31] . (b) Lowering the pH below 7 progressively shifts the equilibrium toward more elongated monomers in an LI-like conformation [31, 37] . Some post-fusion trimers are already present on the lateral side of the virus. The flat base is a favorable site for the association of monomeric intermediates into flat antiparallel dimers, which insert their fusion loops in the target membrane. (c) Formation of the fusion pore. The number of oligomers involved at this stage and their exact organization around the fusion pore is not known. For convenience, on the scheme, the fusion pore has been placed at the center of the flat base. However, note that the membrane is strongly constrained at the edge of the base, a feature that might favor pore formation at this location. (d) The formation of the helical network of spikes in their post-fusion conformation on the lateral side of the virion drives the enlargement of the initial fusion pore leading to complete membrane merger. What happens to the dimers that were involved in the initiation of the fusion process is unknown. The simplest explanation is that the dimeric association is only transient and that the dimer dissociates upon protomers refolding to LI and final retrimerization. G does not go through such a trimeric elongated prehairpin conformation, which has never been observed at the viral surface.
The question, which then arises, is whether the working of the vesiculovirus machinery is different from that of other viruses. This is all the more pertinent because (i) all the experimental data suggest that the membrane fusion pathway (i.e., the lipidic intermediates which are formed) is very similar for all the enveloped viruses studied so far regardless of the organization of their fusion machinery [52] [53] [54] , and (ii) fusion kinetics of individual virions for influenza virus (class I), West Nile virus (class II), and VSV could all be fit to models based on very similar sequence of conformational events [13, 55, 56] . Therefore, in this last part, we will discuss data obtained on other viral fusion glycoproteins from both class I and class II and focus on some features reminiscent of what is observed for vesiculovirus G.
First, class II fusion proteins are known to transition from a (homo-or hetero-) pre-fusion dimer to a post-fusion trimer [57] [58] [59] [60] [61] [62] through a monomeric intermediate [63, 64] , and a crystalline structure of a monomer of Rift Valley fever virus (a phlebovirus, member of the bunyaviridae family) Gc in an extended conformation, which may represent a transition intermediate, has been determined [65] . Indeed, several experiments have indicated that class II fusion glycoproteins are monomeric when they interact with the target membrane [66] . Cryoelectron tomography (cryo-ET) analysis revealed bridge-like densities between acidified virions and liposomes with dimensions consistent with those of extended monomers for Rift Valley fever virus [67] , Uukuniemi virus (another phlebovirus) [68] and Sindbis virus (an alphavirus) [69] . In the latter case, the orientation of the fusion glycoprotein (E1) relative to the virus surface appeared to be variable. The bridge-like densities between the virus and target membrane were either normal or at a slant relative to the virus surface. As suggested by the authors, this flexibility might allow E1 to bind the target membrane at different distances and curvatures [69] . The stage of the refolding process at which trimerization occurs still remains a matter of debate. Indeed, different conclusions have been drawn depending on the virus and the experiments. Biochemical data have suggested that, for Semliki Forest virus (an alphavirus) and Dengue virus (a flavivirus), trimer formation is relatively rapid and precedes the folding back of the carboxy-terminal domain [49] [50] [51] . On the other hand, for tick-borne encephalitis virus (a flavivirus), it has been suggested that trimerization may occur at a late stage of the refolding process [66] .
Second, in the case of class I fusion glycoproteins, which are trimeric in both their pre-and post-fusion states [16] , it is well known that their ectodomains are often monomeric when expressed in the absence of the transmembrane domain. To obtain a stable trimeric pre-fusion structure, the C-terminal part of the ectodomain is fused to a trimerization motif, based either on the transcription factor GCN4, as in the case of coronavirus S [70] , parainfluenza virus 5 F glycoproteins [71] and Hendra virus F glycoprotein [72] , or the T4 fibritin motif, as in the case of respiratory syncytial virus fusion glycoprotein [73] . Even for influenza HA, the dogma of the stability of the trimeric state all along the structural transition could be called into question in view of the growing number of crystalline structures that do not display any threefold symmetry (PDB entry codes: 4EDA, 5A3I 5K9K, 5K9O and 5IBL) [74] [75] [76] [77] (Fig. 4 ). More remarkably, in those crystal structures, the monomer structure is quite different from the structure of HA protomer in the trimeric pre-fusion state (Fig. 4b) . Particularly, the helix A is longer as part of the loop has initiated its transition toward a helical conformation (Fig. 4b ). On the other hand, the helix B is shorter (Fig. 4b ). The fact that several crystalline structures of distinct HA subtypes contain a monomeric conformation suggests that it cannot be only a crystallization artifact and that those monomers might be transient intermediates that are trapped during the crystallization process. All those monomeric structures have been obtained in complex with a Fab, which may also have contributed to their catching in the crystal. If those structures correspond to real intermediates, they suggest a refolding pathway for HA monomer in which helix A elongation progressively displaces the loop in the structure of the helix B until this loop reaches the position it occupies in the post-fusion structure of HA2.
It is worth noting that EM images and cryo-ET have also provided several views of the membrane remodeling events and some structural snapshots of HA during the fusion process [81] [82] [83] [84] . They are consistent with the initial formation of flexible extended intermediates which interact with the target membrane and refold into a post-fusion-like structure which is perpendicular to the axis of the fusion pore (i.e., parallel to the fusing membranes). However, the resolution of those structures is not sufficient to definitively conclude on their oligomeric state, although the authors suggest that they might be trimeric [84] .
Finally, the formation of a regular network of fusion glycoproteins in their post-fusion state is not exclusive of vesiculovirus G. More or less regular networks have been also observed with other class III fusion glycoproteins such as pseudorabies gB [85] and several class II fusion glycoproteins [51, 86, 87] . As suggested for vesiculoviruses [38] , it is possible that the glycoproteins located outside the contact zone between fusing membranes have a role, probably at a late stage of the fusion process (i.e., enlargement of the fusion pore) via the formation of more or less regular arrays.
Final remarks and conclusion
The determination of an increasing number of structures of viral fusion and the associated functional studies have shed light on the working of the fusion machinery. Globally, this has revealed similar principles of action even if the proteins involved have very different structural organizations. However, the nature of intermediates and how they cooperate inside and potentially outside the target membrane contact zone remain largely elusive.
Novel structures of such intermediates are required to complete our understanding of the transition pathway for each class of viral fusion glycoproteins. Cryo-EM and cryo-ET enhanced by direct electron detection devices, improved microscopes with more stable optics, and advances in image processing software [88] [89] [90] [91] should make it possible to visualize the conformation of the glycoproteins while they interact with a target membrane. Indeed, as mentioned above, some progresses have already been made for both class I [81] [82] [83] [84] 92] and class II fusion glycoproteins [67] [68] [69] ; however, a higher resolution will be required to get a reliable quasi-atomic model of those intermediates. [74] and in two monomeric HA structures [74, 77] . Second row: ribbon diagrams of HA2 structure (H3 subtype) [79] as in the prefusion protomer, in two monomeric HA0 structures [76] and as in its trimeric post-fusion conformation [80] . Third row: ribbon diagrams of HA2 structure (H5 subtype) as in the prefusion protomer [78] and in a monomeric HA structures [75] . The residues are colored by their secondary structure in the pre-fusion protomer. Residues corresponding to helix A are in yellow, to helix B in blue and to the loop located between helices A and B in red. In several monomers, the part of the chain corresponding to the loop between helices A and B is not visible in the crystal. All the structures are aligned on helix A of the prefusion protomer. The corresponding PDB codes are indicated above each structure.
